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Abstract

Experimentswith two prototypelong-rangebeam-beam
compensatorgcurrent-carryingwires) during the 2004
CERNSPSrunexploredtheefficiency of a proposedong-
rangebeam-beancompensatiorfior the LHC. In addition,
the SPScompensatorgrerealsousedto “simulate” the ef-
fect of differentplanesof crossingat two LHC interaction
points. We presentthe experimentalresultsand compare
themwith computersimulations.

INTRODUCTION

Bunches circulating in the Large Hadron Collider
(LHC), presentlyunderconstructionat CERN, will expe-
rienceup to 120 long-rangecollisionsperturn, wherethe
counterpropagatingeamsare separatedy several times
the rms beamsize. Theselong-rangecollisions give rise
to a “diffusive” or dynamicaperture[1] andto an addi-
tionaltunespread?]. In orderto reducehelatter, theLHC
baselinadesignforeseesnalternatingcrossingschemein
whichthetwo protonbeamsarecrossedorizontallyattwo
of thefour “head-on”interactionpoints(IPs)andvertically
in theremainingtwo [3, 4]. This alternatingcrossingcan-
celsthelong-rangebeam-beantuneshift betweerpairsof
IPs, andit, thereby assureghat bunchesat the endsof a
bunch train, which do not experiencethe full numberof
long-rangecollisions (“PACMAN”" bunches)have nearly
thesametunesasnominalbuncheq?2]. Equal-planecross-
ing schemesvould have othermerits,suchaszerovertical
dispersiongasiefong-rangecompensationpr equalback-
groundconditionsin the experiments.

A localcompensationf thelong-rangebeam-beancol-
lisionsin theLHC by meansof acurrent-carryingvire was
proposedn [5, 6]. The trans\ersedistancebetweenwire
andbeamin units of therms beamsizeshouldbe equalto
thelong-rangalistancebetweerthetwo beams.The prod-
uct of wire currentand length neededat one side of one
LHC IP is about80 Am for nominalbunchesjncreasingo
120 Am for theultimateLHC intensity

To studythefeasibility of awire-basedeam-beantom-
pensationan experimentalprogrammewith compensator
prototypess undervayin the CERNSPSsince2002,when
a single device (equipmentname“BBLR") was first in-
stalled. This single BBLR was used,during 2 years,to
“simulate” experimentallythe effect of LHC long-range
collisions and to benchmarkthe computersimulationsin
[7]. More recently two nev BBLR devices were built,
eachequippedvith threewires. A crosssectionis shavnin
Fig. 1 (seealso[8]). In 2004,0neof the two new BBLRs
was installed,separatedrom the existing first-generation
BBLR by a phaseadvanceof about2.6°, which equalsthe

expectedaveragephaseadvancebetweercompensatoand
long-rangecollision pointsin the LHC. The 3-wire BBLR
is movablein theverticaldirectionoverarangeof 5 mm.

Figure 1: Crosssectionof the new 3-wire BBLR device
installedin the SPSsinceJuly 2004 (CourtesyG. Burtin).

For thesamenormalizedbeamemittanceasin the LHC,
~ve = 3.75 pm, thecurrentof the SPSwire andthedistance
from the beamin units of rmsbeamsizeshouldbe chosen
identical. With an effective wire lengthof 1.2 m, the wire
currentlyi,e = 267 A thenrepresentshe combinedeffect
of all long-rangecollisionsat the two high-luminosityin-
teractionregionsof the LHC, andthe nominalbeam-wire
distanceis d, = 21.42 mm. The 2004 SPSexperiments
wereperformedat 26 GeV/c,wherethe SPSphysicalaper
tureis only about4s for yve = 3.75 um. To improve the
beamlifetime without wire excitationandto moreclearly
reveal the effect of the wire(s), the emittancecan be re-
ducedby scraping.Thewire current,[y;.., andbeam-wire
distanced,, arethenscaledinearlywith theemittanceand
with the squareroot of the emittancerespectiely.

Below we presenthe highlightsof the 2004 SPSexper
iments.Somedetailscanbefoundin [9].

COMPENSATION

PawveringasingleBBLR modelstheeffectof theuncom-
pensated HC long-rangecollisions. Theobsenedclosed-
orbit orbit distortion and tune shifts inducedby the wire,
with typical magnitudef a few 100sof pm andseveral
10~3, respectiely, agreewith analyticalcalculationsand
simulationg[8]. Thenonlineareffectsof the wire manifest
themselesin beamlosses,in a reductionof the dynamic
aperture as evidencedby a shrinking emittanceand by a
degradationof the beamlifetime, in a decreasediecoher
encetime andin a changeof the detuningwith amplitude
[8, 10]. Several scanswere performedof the wire cur
rentandof the beam-wiredistancecorrespondingo LHC
beamcurrentandcrossingangle respectiely [8, 10]. Fig-
ure 2 shawvs a 2004 single-wire measurementwherethe
beamlifetime wasrecordedasa functionof the beam-wire
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separation.The dependences perfectlyfitted by a 5th or-
der power law of theform 7 ~ 5ms (d/o)®. A naive ex-
trapolationto the typical LHC separatiorof 9.5¢ would
yield a beamlifetime of about6 minutes.In a similar ex-
perimentat the Tevatron, where the electronlens (TEL)
was usedto mimic a “wire”, the beamlifetime increased
asthethird power of thebeam-TELdistancq11]. Thedif-
ferent power law may be relatedto the working point in
tunediagram;thelow powersremainasyet unexplained.
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Figure 2: Fitted SPSbheamlifetime as a function of the
beam-wiredistancewith asingle-wireexcitationof 190A,
tunes@), = 0.3208, Q, = 0.2914; ve, =~ ve, ~ 1.4 um,
o =~ 1.56 mm. Beamandwire wereseparatedertically.
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In 2004, two SPSexperimentson wire compensation
were conducted. The typical total beam intensity was
3.5 x 10'! protonsdistributedin 12 bunches. All exper
iments were performedon the parasitic SPScycle with
beampresentfor a periodof only 2 to 4 s. On 29/07and
30/07/2004the effect of the first BBLR wascompensated
by thenew BBLR (BBLRZ2). For this study thenormalized
trans\ersebeamemittancesvere4—6 um. Tunescansvere
conductedaroundthe standardsPSworking pointfor LHC
beam(Q,,, ~ 0.17) andaroundthe tunesforeseerfor the
LHC itself (Q.,y, ~ 0.31). Figure3 (right picture)shavs
the measurebeam-currentifetime of the bare machine
(no BBLR excitation), with only one BBLR excited, and
with the compensatin@®BLR alsoturnedon, asafunction
of verticaltunenearthe LHC working point. Theleft pic-
tureillustratesthe tracefollowedin thetunediagram.The
singleBBLR reducedhebeamlifetime from about250sto
50s. The compensatiomestoredthe original lifetime, ex-
ceptfor tunesbelown 0.285and0.275,i.e.,theregionsof the
7th and4th orderresonancesTheimperfectcompensation
for low tunescould alsobe an artifact of drifting machine
conditions. In all casesthe beamlifetime droppedasthe
tune approachedhe 3rd integer resonancesat 0.32-0.33.
This lifetime reductionmustbe driven by the naturalnon-
linearitiesof the SPS,sinceit is only weakly affectedby
theBBLR. Theverticalmobility of thenew BBLR allowed
measuringhesensitvity of thecompensatioto trans\erse
wire position. Figure4 shawvs theinverselifetime inferred
from thelossesneasuredver2.4sasafunctionof theoff-
setbetweenthe two wires. Also shavn arethe simulated
lossratesat eachoffsetin arbitraryunitsascalculatedwith
the codeBBSIM developedat FNAL [12]. For compar
ison the simulatedand measuredossrateswith only the
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Figure 3: Left: tune path traced during the SPSwire-
compensationexperiment on 30/07/04., and resonance
lines through 11th order; right: measuredeamlifetime
vs. verticaltunewithout BBLR (blue diamonds)with one
BBLR at240A (greentriangles)andwith bothBBLRs ex-
citedsothatthey compensateachother(redsquares).

first wire BBLR1 activatedare given by the two superim-
posedstraightlines. The measurementshavedthatthere
was no compensatiorwith offsetsbeyond 2.5 mm since
thelosseswith bothwiresexceededhelossdueto BBLR1
alone. The simulationspredictedthe compensatiorio be
inefficient with offsetsabove 3 mm, in reasonablegree-
mentwith thedata.
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Figure4: Relatve SPSlossratein s™1, asmeasuredaver

2.4 s, andsimulatedossratein arbitraryunitsvs. thever

tical positionof the compensatingecondwire. Measured
andsimulatediossratesfor a singlewire areindicatedby

thetwo superimposedtraightlines.

A secondcompensatiorexperimentwas performedon
02/09/2004with a smalleremittanceof aboutl.5um. The
naturalbeamlifetime = wasafactor20 longerthanfor the
previousexperimentwith largeremittancesandit dropped
by a factor 2 when a single SPSwire was excited. The
compensatiorby the secondwire not only restored,but
evenimprovedthelifetime by about10%comparedo that
of the baremachine. The strongdependencef the beam
lifetime on the emittances reminiscenof the dependence
T o 1/€? obseredfor antiprotonsatthe Tevatron[13].

CROSSING SCHEME

On 26/08/2004,an experimenton the crossingplanes
was conductedor the nominalemittance.Threeconfigu-
rationswereimplementedDueto constraintdy the physi-
cal apertureandthedifferentdistanceof the horizontaland
verticalwire from the centerof thechambei(about55 mm



and20 mm, respectiely), apurealternatingcrossingcould
not berealized.Insteada mixed schemavaschosenmod-
eling horizontalcrossingat onewire and45-degreecross-
ing attheother, by exciting bothwiresatthe samecurrent.
Equal-planecrossingsvere modeledby exciting only one
of the two wires at twice its original strength. For com-
pletenessandto obsene a larger effect on the beamlife-
time, the first configurationwas also testedat twice the
strength,which simulatesa two times higherbeaminten-
sity. For all wire configurationswe measuredhe beam
lifetime asa function of the vertical tune, which wasvar-
ied betweerD.26and0.33. Over mostof thescannedune
range,the horizontal-horizontatrossing(BBLR2 excited
at —240 A) exhibited the bestbeamlifetime, the pure45-
degreecrossing(BBLR1 at 240 A) the secondbest,and
the mixed crossing(BBLR1 at 120 A, BBLR2 at —120
A) the lowest. At the two endsof the scanrange,near
the 7th and 3rd integer resonancerespectiely, the pure
45-degreecrossingschemewas mostrobust, while for all
othersthelifetime stronglydecreasetiere possiblydueto
lattice nonlinearities Thelifetime withoutary wire excita-
tion wascomparabléo thatof the mixed-crossingase.

On 09/11/04,a secondexperimentwas performedwith
reducedbeam-wiredistanceand smalleremittance. One
of thewires(BBLR2) hadbeenrotatedprior to this experi-
ment,in orderto allow for shortertrans\ersedistancesThe
threeconfiguration®f Fig. 5 couldthenberealized.Again,
it wasnot possibleto implementa purehorizontal-ertical
crossing.Insteada 45°-135° inclined hybrid crossing[14]
wasmodeledandits performancecould be comparedvith
thatof avertical-verticalor 45°-45° crossing.
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Figure5: Approximationsof different crossingschemes
on09/11/2004 Configurationa) models45°-135° inclined
hybrid collision [14], b) adouble45° hybrid crossingand
c) apurevertical-verticalcrossing.

Figure 6 displaysthe simulateddynamic aperturefor
thesethreeconfigurations.The pure45°-45° crossinghas
the smallestdynamicaperture At verticaltunesof 0.29or
lower the vertical-\ertical crossingis best,while at higher
tunesthe inclined-hybrid schemeyields the largest dy-
namic aperture. For completenesshe simulationresults
for a purehorizontal-\erticalcrossingarealsoindicated.

The measuredeamlifetimes as a function of vertical
tune arepresentedn Fig. 7. The lifetime was lowestfor
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Figure 6: Dynamic aperturesimulatedby the WSDIFF
code(at 8 ~ 50 m) asa function of verticaltunekeeping

Q. = 0.32, for the SPSwire configurationf Fig. 5.

the 45°-45° crossingtheinclined hybrid crossingbestfor
tunesabove 0.3 andthe purevertical-\vertical crossingfor
lowertunes— all consistentvith thesimulationsn Fig. 6.
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Figure7: Beamlifetime measuredsa functionof thever-
tical tunefor the three SPSwire configurationsof Fig. 5.
Thehorizontaltunewasheldconstanat @, ~ 0.32.

CONCLUSIONS

The LHC beamlifetime maybedegradedby long-range
collisions. The efficiengy of the proposedcompensation
was demonstratedThe beamlifetime was shawn to vary
with crossingscheme. Experimentsand simulationsare
mostly compatible put a few resultsarestill unexplained.
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